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Effect of intraluminal pressure on the ultrastructure and
protein transport in the proximal tubule
PETER D. OTTOSEN
Department of Cell Biology, Institute of Anatomy, University of A arhus, A arhus, Denmark
Effect of intraluminal pressure on the ultrastructure and protein
transport in the proximal tubule. Proteins filtered in the kidney are
generally considered to be catabolized by the renal lysosomes, but
it has also been suggested that some protein may pass the tubule
wall intact via the intercellular spaces. To examine the latter possi-
bility, electron-dense tracers were in one part of the study injected
retrograde into the kidney of living flounders and in another part
by micropuncture directly into the tubule lumen of isolated floun-
der kidney tubules incubated in vitro. In both cases disruptions in
the tubule wall were demonstrated and this was shown to be
associated with the passage of tracer into the lateral intercellular
spaces. From the in vitro studies it was further shown that only
when the intraluminal pressure is increased do tracers pass into the
intercellular spaces and they do so via the disruptions in the tubule
wall. It is concluded that no passage of tracer occurs at
intraluminal pressures in the physiological range.
Effet de Ia pression intra-luminales sur l'ultrastructure et le trans-
port de protéines dans le tube proximal. II est géneralement admis
que les protéines filtrées dans Ic rein sont catabolisés par les lyso-
somes rénaux mais il a aussi été suggéré qu'une partie intacte des
protéines pourrait franchir la paroi tubulaire a travers les espaces
intercellulaires. Afin d'étudier cette dernière possibilité des traceurs
opaques aux electrons ont été injectés par voie retrograde dans le
rein du flet, dans une partie de l'étude, et injectés directement par
microponction dans Ia lumière tubulaire de tubules isolés de rein
du flet incubés in vitro. Dans les deux cas, des solutions de contin-
uité dans Ia paroi tubulaire ont été mises en evidence et il est
montré que ceci est associé au passage du traceLir dans les espaces
intercellulaires latéraux. A partir des etudes in vitro il a été montré,
de surcroit, que les traceurs ne passent dans l'espace intercellulaire
que lorsque la pression intra-luminales est augmentée et que Ic
passage a lieu a travers les solutions de continuité de Ia paroi. II est
conclu qu'iI n'y a pas de passage du traceur aux pressions intra-
luminales physiologiques.
The renal handling of plasma proteins has been
studied extensively during recent years, and it is now
well established that most of the protein filtered in the
renal glomeruli is reabsorbed by the proximal tubule
cells and therefore not present in the final urine. In
the proximal tubule cell, the protein is taken up by
endocytosis and transported from the endocytic vac-
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uoles into the lysosomes [1, 2], where the protein is
catabolized by the lysosomal enzymes [3-5]. The kid-
ney is an important organ for the catabolism of dif-
ferent plasma proteins, primarily the so-called low
molecular weight plasma proteins [6]. However, a
controversy still exists [6, 7] on whether all filtered
protein is digested in the lysosomes [2, 5, 8] or
whether significant quantities of protein are trans-
ported intact from the tubule lumen into the per-
itubular capillaries [9]. In the intestine of neonate
animals, it has been demonstrated that antibodies
taken up from the intestinal lumen are transported
into the intercellular spaces and thus pass the in-
testinal wall without being digested in the lysosomes
[10]. A similar process has been suggested to occur in
the kidney on the basis of studies on isolated flounder
kidney tubules incubated in vitro [11], isolated per-
fused rat kidney [12] and isolated rabbit kidney tu-
bules microperfused in vitro [13].
In a tissue fractionation study on the uptake of
lysozyme in the kidney, a significant quantity of ly-
sozyme was recovered in the supernatant and this was
taken to be evidence that this protein was transported
through the cytoplasm without being digested in the
lysosomes [14].
In a study in which different electron-dense tracers
were injected retrograde into the kidney of living
flounder through the ureter, Bulger and Trump [9]
found that these tracers were located in the lateral
intercellular spaces very shortly after injection, and
they suggested that the tracers were transported by
endocytic vacuoles or invaginations of the luminal
cell membrane into the lateral intercellular spaces.
However, the intraluminal pressures were not meas-
ured although the experimental design suggests that
they might have been abnormally high with con-
sequent effects on the location of the tracers. Since
studies on the rat have shown that increased in-
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traureteral pressure may lead to an increase in in-
traluminal pressure in the tubule [15, 16], it was
considered important to establish, in the present
study, the effect of increased intraluminal pressure on
the location of tracer in the tubule wall. Two types of
experiments were used to analyze this problem. In
one series of experiments, ferritin and thorotrast were
injected retrograde into the kidney of living flounder
through the ureter with simultaneous recording of the
injection pressure. The location of tracer was sub-
sequently determined by electron microscopy. In an-
other series of experiments, tracer solutions were in-
jected by micropuncture directly into the lumen of
isolated flounder kidney tubules incubated in vitro
with recording of intraluminal pressure during in-
jection and subsequent localization of tracer by elec-
tron microscopy.
The results show that the passage of tracers from
the tubule lumen into the intercellular spaces only
occurs under conditions of increased intraluminal
pressure and, therefore, do not substantiate the view
that rapid transtubular passage of intact protein oc-
curs via the intercellular spaces under normal phys-
iologic conditions.
Methods
A nimals. Flounders (commonplace, Pleuronectes
platessa) were used in all experiments. Twelve ani-
mals were used for the in vivo experiments and 15
tubules from 15 animals for the in vitro experiments.
The fish were caught by net and transported to the
laboratory directly from the fishing boats. They were
kept unfed in recirculating seawater at 4°C for no
more than two weeks.
Retrograde injection of tracers into the kidneys of
living flounder. 1) Anesthesia. Induction of complete
anesthesia was achieved by immersing the fish for
five to ten minutes in aerated seawater containing
tricaine methanosulfonate (MS-222, Sandoz), 75 to
150 mg/liter [17]. During the experiment anesthesia
could be maintained in seawater containing 7.5 to 15
mg of MS-222 per liter. The MS-222 solution was
always prepared immediately before use.
The fish was placed on an operating table with a
slightly tilted surface [18] which allowed the head and
gills to be constantly immersed in a bath of aerated
and cooled seawater containing MS-222.
2) Surgical procedure. The abdom;nal wall of the
animal was opened and part of it removed. The in-
testine and liver were gently pushed laterally to ex-
pose the bladder and the ureter. The urinary bladder
was opened and a thin polyethylene tube (PE 50)
was carefully introduced into the ureter and the
connection tightened by a ligature. This procedure
was carried out under the stereomicroscope to ensure
correct positioning of the tube.
3) Injection of tracer. The polyethylene tube (PE
50) inserted in the ureter was 2 to 3 cm in length and
was connected to another tube (PE 100), about 15 cm
long, which in turn was connected to a graduated
pipet containing the tracer solution. Tracer solution
(0.5 to 2 ml) was then injected into the kidney with a
constant' pressure applied to the pipet. The pressure
and time required for infusion of tracer were re-
corded in each experiment. The following solutions
were injected: (1) 2% cadmium-free ferritin (Fluka) in
Forster's medium [11] and (2) 2% thorotrast (Fel-
lows-Testagar) in Forster's medium. The infusion
fluid was stained with 0.5% lissamine green.
Microinjection of ferritin into isolated tubules in
vitro. 1) Dissection of tubules. The animals were killed
by decapitation; the kidney was removed and imme-
diately transferred to ice-cold Forster's medium [11].
The tubules were dissected free of intertubular tissue
under the stereomicroscope using a fine brush as
previously described [8].
2) Micropuncture of isolated tubules. Micropunc-
ture of isolated tubules was carried out using a
special micropuncture chamber in which the tubules
could be immobilized by slight suction (Fig. 1). The
necessary suction was obtained by recirculating
Forster's medium through a water vacuum pump.
In the central part of the chamber, a Geilman
filter (black; pore size, 0.8 i) was placed on a
small grid of stainless steel. The dissected tubules
were placed on this filter, and a suitable tubule was
selected for micropuncture. Most experiments were
carried out on tubular fragments from the second and
third proximal segments as these were most easy to
isolate. Only tubules with intact walls (as judged
through the stereomicroscope) were used for in-
jection. Small holes were made in the filter on which
the tubule was placed so that the selected tubule
fragment could be fixed at both ends by suction (Fig.
2). In this way suction was only applied to a very
small proportion of the tubule wall leaving the rest of
the tubule free. By cooling the chamber and the in-
cubation medium with tap water, the temperature of
the medium was maintained in the range of 12 to
16°C.
Sharpened pipets with a tip diameter of 7 to 10 ,a
were used for micropuncture. Each tubule was punc-
tured at both ends simultaneously. One pipet was
used for injection of ferritin and the other for measur-
ing intratubular pressure (Fig. 2).
3) Measurements of intraluminal pressure. The in-
traluminal pressure was measured as described by
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Cooling water
Fig. 1. Schematic drawing of the apparatus used for micropuncture.
The incubation medium was recirculated by an electric pump
(Pump) which was connected to the adjustable water distributor
(A) by means of which the flow through the connecting tubes
could be precisely adjusted. One tube was connected to the micro-
injection chamber seen in the upper right corner. The other two
were connected to water suction pumps (P1 and P2), one of which
(P1) was connected to the central micropuncture chamber and
served to immobilize the tubule selected for micropuncture. The
other suction pump (P2) was connected to an adjustable overflow
tube in the micropuncture chamber and was used to adjust the
fluid level in the chamber. The incubation medium and the micro-
puncture chamber were cooled with running tap water and the
medium was oxygenated with atmospheric air.
Landis [19] and Gottschalk and Mylle [15] using a
pipet filled with Forster's medium stained with 5%
lissamine green. This pipet was connected to a water
manometer. Each pipet was calibrated for capillarity,
which varied from 1.5 to 3 mm Hg. (The capillarity
was recorded as equal to the pressure which prevented
dye from leaving and incubation medium from enter-
ing the pipet tip.) The pipet was then moved close to
the tubule wall and filled with stained fluid exactly to
the tip. When the pipet was then inserted in the
tubule lumen, clear tubular fluid was seen to enter the
pipet tip. The pressure applied to the pipet was then
slowly increased until the pipet was judged again to
be filled with stained medium exactly to the tip. This
additional pressure was recorded as the intraluminal
pressure.
An isolated flounder kidney tubule comprises a
closed compartment, so if the pressure applied to the
measuring pipet is increased over the intraluminal
pressure to inject dye into the tubule lumen, this
injection of dye will lead to a rapid increase in in-
traluminal pressure. This is in contrast to the situa-
tion in in vivo micropuncture on rat where the system
is open and injection of small amounts of stained
fluid does not increase the intratubular pressure and
where such small amounts are rapidly washed away
by the streaming intratubular fluid [15]. Thus, in the
present study, when the pressure applied to the meas-
uring pipet was increased over the pressure judged to
be equal to the intraluminal pressure, it had to be
increased up to 1.5 to 2.5 mm Hg over this pressure to
invariably allow flow of dye into the tubule lumen.
Thus, it was only possible to judge the intraluminal
pressure by filling the pipet exactly to the tip, and as
clear visualization of this was difficult, because the
tubule had to be placed on a dark background, the
pressures given in the present study may have been
somewhat lower than the actual intraluminal pres-
sure.
4) Injection of tracer. Ferritin (cadmium-free,
Fluka) was used in all experiments as a tracer pro-
tein. It was dialyzed two times against 1 liter of
Forster's medium before use and diluted to a concen-
tration of 1 to 5%. After puncture of the tubule with
the ferritin-containing pipet, a constant pressure was
applied to the pipet. The pressure applied to the pipet
was, in one series of experiments, 20 to 60 mm Hg,
and in another series, only slightly higher (4 to 7
Fig. 2. Schematic drawing of isolated tubule micropunctured by two
pipets. The right pipet was used for injection of ferritin. The other
pipct was used for measuring intratubular pressure. In some ex-
periments this pipet was used to suck out tubular fluid simultane-
ous to injection of ferritin. The tubule was immobilized by suction
through two small holes made in the supporting filter paper
(arrows).
— - I-
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mm Hg) than the intraluminal pressure. In the latter
experiments, tubular fluid was sucked out by the
second pipet simultaneous to injection of tracer.
5) Controls. In preliminary experiments chioro-
phenol red (2 mg/liter) was added to the incuba-
tion medium. This dye is actively concentrated
in the tubule lumen of isolated flounder kidney tu-
bules and was used to establish the viability of tu-
bules in the present system [11]. After incubation
such tubules were prepared for electron microscopy.
6) Preparation of tissue for electron microscopy. In
the experiments in which tracers were injected ret-
rogradely into the kidney of living animals, the
kidney was fixed immediately after injection and
decapitation by vascular perfusion with 5% glutaral-
dehyde in 0.IM cacodylate buffer and 2% poly-
vinylpyrrolidone (PVP) [20] through the cardinal
vein [8]. After immersion in the same fixative for four
to five hours, the tissue was postfixed in 1.3% osmium
tetroxide in isotonic verona! buffer. After thorough
washing in Michaelis verona! acetate buffer at pH
5.0, the tissue was block-stained in 0.5% uranyl ace-
tate in the same buffer at pH 5.0 for 45 mm at room
temperature and then washed again in the buffer.
In the micropuncture experiments, tubules were
fixed with 1 .3% osmium tetroxide in isotonic veronal
buffer for one hour or 5% glutaraldehyde in 0.IM
cacodylate buffer for four to five hours. The glutaral-
dehyde-fixed tissue was postfixed in 1.3% osmium
tetroxide. In some experiments the tissue was washed
in Michaelis buffer and block-stained in 1% uranyl
acetate at pH 5.0 for one hour at room temperature.
The tissue was dehydrated in alcohol and embedded
in epoxy resin (Epon) or dehydrated in acetone and
embedded in Vestopal. Thin sections were cut on an
LKB Ultratome III. Some sections were stained with
uranyl acetate for ten minutes and lead citrate for
three minutes at room temperature, and others with
lead citrate alone. To give better contrast to the fern-
tin molecules, some sections were stained with bis-
muth tartrate for 30 mm at room temperature [21].
All sections were analyzed in an electron microscope
(JEM 100 B) operated at 80 kv.
Results
Anesthesia. The only adverse effect noted during
anesthesia was a slight increase in opercular rate.
However, as the lethal dose was rather close to the
anesthetical dose and as some variance in individual
tolerance was noted, the dosage of MS 222 had to be
varied accordingly in the range of 75 to 150 mg/liter.
In preliminary experiments animals were trans-
ferred to pure seawater after having been completely
anesthesized. They all recovered completely in 10 to
15 mm and no adverse effects of the anesthetic were
observed.
Retrograde injection of tracer into living animals. A
considerable pressure was required to force the tracer
solution into the kidney. With an infusion pressure of
30 to 45 mm Hg, only small amounts (approximately
0.02 to 0.05 ml) could be injected before the flow
stopped almost completely. To restart the flow the
pressure had to be increased to 75 to 90 mm Hg. In
ten experiments where the infusion pressure varied
from 75 to 110 mm Hg, the amount of tracer injected
varied from 0.5 to 1 .2 ml and the flow rate obtained
as 0.21 mI/mm + 0.02 SE. In two experiments com-
paratively high flow rates were measured (infusion
pressures, 75 mm Hg; amounts injected, 1.2 ml; flow
rates, 0.6 mI/mm). The initial flow rates were of the
same magnitude as in the other experiments but dur-
ing injection a sudden increase in flow rate occurred.
Simultaneously, the liver and other intraabdominal
organs were stained heavily green by the lissamine
green-containing perfusion fluid which had appar-
ently penetrated into the vascular system.
Although comparatively large volumes of tracers
were injected, no noticeable swelling of the kidney
occurred.
Electron microscopy showed that tracer particles
were present in collecting ducts and all segments of
the nephron including glomeruli.
Tracer particles were located in the lateral inter-
cellular spaces in all segments of the nephron (Figs. 3
and 4). Large dilatations of the intercellular spaces
were observed (Figs. 3 and 4) with accumulations of
particles adjacent to the basement membrane (Figs.
3, 4 and 7). Tracer particles were also seen in the
luminal part of the intercellular spaces (Fig. 5) and
dilatations of the intercellular spaces were noted just
below the apical cell junctions. Tracer particles were
also observed within the desmosomes filling the inter-
cellular spaces up to the tight junctions (Fig. 5).
Tracer particles were, however, apparently excluded
from the tight junctions.
In tangential sections of the tubule wall, the large
dilatations of the intercellular spaces containing tra-
cer particles were seen to communicate (Fig. 8).
At the basal parts of the cells, ferritin particles were
observed within the tubular basement membrane
(Fig. 7). The luminal cell membrane in some tubules
showed extensive invaginations, which often ex-
tended down towards the nuclear region of the cells.
Tracer particles were seen within these invaginations
as well as in the tubule lumen. They also occurred
within endocytic vacuoles in the first proximal seg-
ment of the nephron. In the glomeruli, tracer par-
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Fig. 3. Neck piece segment after retrograde injection of thoroirast in vivo (X6400). Tracer particles are seen in the lateral intercellular
spaces (IS). Fixed by vascular perfusion with glutaraldehyde and postfIxed in osmium tetroxide. TL, tubule lumen; N, nucleus; BM,
basement membrane.
Fig. 4. Second proximal segment after retrograde injection of thorotrast in vivo (X 7360). Large dilatations of the intercellular spaces (IS)
containing thorotrast particles are seen. Fixed by vascular perfusion with glutaraldehyde and postfixed in osmium tetroxide. TL, tubule
lumen; BM, basement membrane.
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Fig. 5. Apical part of tubule cells after retrograde injection offerritin in vivo (x90,000). Ferritin (arrows) is seen in the tubule lumen (TL),
in the intercellular space (IS) and within the desmosomes (D) extending up towards the tight junction. A few ferritin particles are also seen
in the cytoplasm. Fixed by vascular perfusion with glutaraldehyde and postfixed in osmium tetroxide.
Fig. 6. Part of tubule wall after retrograde injection of thorotrast in vivo (x3700). A partly disrupted tubule cell is seen and is associated
with a direct connection between the tubule lumen (TL) and intercellular space (IS). The basement membrane (BM) is intact. Thorotrast
particles are observed in the tubule lumen and intercellular space. Fixed by vascular perfusion with glutaraldehyde and poatfixed in
osmium tetroxide.
Fig. 7. Basal part of tubule cell after retrograde injection of ferritin (x65,000). Ferritin is seen in the basement membrane (vertical arrows)
and between the cell membranes in the basal invaginations (horizontal arrows). Fixed by vascular perfusion with glutaraldehyde and post-
fixed in osmium tetroxide. M, mitochondrion; BM, basement membrane.
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Fig. 8. Tangential section of tubule wall after retrograde injection of thorotrast in vivo (X 7800). The widely dilated intercellular spaces(IS) between the tubule cells are seen to be connected. Fixed by vascular perfusion with glutaraldehyde and postfixed in osmium
tetroxide. BM, basement membrane.
tides were located solely in the urinary space, with no
ferritin present in the basement membrane or within
the glomerular capillaries. In some parts of the tubule
wall, the cells were extensively changed. The lumi-
nal cell membrane was disrupted and cytoplasmic
contents, including mitochondria, were observed
in the tubule lumen (Fig. 6). In these areas a di-
rect continuity between the tubule lumen and the
intercellular spaces was observed (Fig. 6). Such
disruptions of tlle tubule involved only short seg-
ments of the wall. They were most commonly located
in the neck piece segment, collecting tubule and the
third segment of the proximal tubule but were also
observed in the second segment. The basement mem-
brane in these regions had a normal appearance. No
disruptions were observed in the first proximal seg-
ment. In some regions the capsule of Bowman was
also disrupted, as seen from the penetration of fern-
tin molecules.
Micropuncture of isolated tubules. Under the pres-
ent experimental conditions, control tubules incu-
bated in Forster's medium containing chlorophenol
red retained their ability to concentrate this dye for
several hours. Electron microscopy of such control
tubules showed normal tubule morphology with
few degenerative changes.
The intraluminal pressure was measured before in-
jection of tracers and was found to be 5.6 0.4 mm
Hg (mean of ten experiments).
In one series of experiments, ten tubules were in-
jected with ferritin using high injection pressure (30
to 50 mm Hg). In three experiments in which the
intraluminal pressure was measured during injection,
the intraluminal pressures were 4.4, 5.1 and 5.9 mm
Hg before injection and increased to, respectively,
17.6, 29.4 and 22.0 mm Hg after injection. The in-
jection pressures in these experiments were 22, 44 and
29 mm Hg, respectively.
Electron microscopy of such tubules showed fern-
tin particles within the tubule lumen as well as in the
lateral intercellular spaces (Fig. 9). Even in tubules
fixed less than 15 sec after injection, ferritin was
observed in the lateral intercellular spaces and base-
ment membrane. Ferritin was located along the entire
length of the lateral intercellular space, including
parts of the apical junctional complexes, and was
- Y'1'4-:
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Fig. 9. Tubule wall from isolated tubule incubated in vitro after microinjeclion offerritin at high pressure and fixed with osmium let roxide(X8900). Ferritin is seen in the tubule lumen (TL) and in the intercellular spaces (IS).
Fig. 10. Part of tubule walifrom isolated tubule microinjected with ferritin in vitro at high pressure andflxed with osmium tetroxide (X 15,300).
Direct communication between tubule lumen (TL) and intercellular space (IS) is seen.
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observed to extend up to the tight junctions. No
ferritin particles were noted within the tight junc-
tions.
Ferritin was not observed within endocytic vacu-
oles and no deep apical invaginations were seen. The
intercellular spaces containing ferritin were widely
dilated. In some parts the tubule wall was almost
completely disrupted, only the basement membrane
remaining intact. In such regions direct continuity
between the tubule lumen and the intercellular spaces
was noted (Fig. 10). Such disruption involved only
short segments of the tubule and in adjoining parts
the tight junctions appeared intact and no continuity
between the lumen and the intercellular spaces was
observed.
In another series of experiments, five tubules were
injected very slowly with ferritin, i.e., with an in-
jection pressure only slightly above the measured in-
traluminal pressure (4 to 7 mm Hg) (see Methods)
and with suction applied to the other pipet. Only
short (2 to 3 mm) tubule segments were perfused in
this way. With this technique it was possible to inject
ferritin into tubules with very little or no increase in
intraluminal pressure.
The electron microscope observations showed that
under such conditions ferritin did not pass into the
intercellular spaces (Fig. 11). Furthermore, when tu-
bules from the first proximal segment were perfused
in this way, ferritin was taken up by endocytosis (Fig.
12) and no ferritin particles were noted in the lateral
intercellular spaces.
Discussion
The present study demonstrates not only that tra-
cers may pass from the tubule lumen into the inter-
cellular space in vitro and in vivo, but also that this
passage is closely dependent on the intraluminal
pressure, and illustrates the need to control the
intraluminal pressure during injection of tracers into
the tubule lumen. Thus, in the in vitro experiments,
when the intraluminal pressure was increased during
injection, tracers passed very rapidly into the inter-
cellular spaces. In contrast, when no increase in in-
traluminal pressure occurred during injection, no
such passage was observed. In the in vivo experi-
ments, very high pressures were needed to inject the
tracer and, in this case, a similar passage of tracer
into the intercellular spaces was seen. As already
pointed out it has been demonstrated in the rat that
when the ureteral pressure is increased an in-
crease in intraluminal pressure occurs [15, 16]. Al-
though the rat kidney is structurally different from
that of the flounder, it seems likely that a similar
increase in intraluminal pressure would also occur in
the flounder. The study by Bulger and Trump [9] was
carried out in essentially the same way as the in vivo
experiment described herein, although they used an-
other but closely related teleost. These authors did
not measure the injection pressure, but from the
larger amount of tracer injected and the higher flow
rate [22] it would seem that the ureteral and intra-
luminal pressure may have been at least as high
and possibly higher than the pressures used in the
present study. They argued that since no swelling of
the kidney was observed during injection, the intra-
luminal pressure was probably not excessive. How-
ever, it has been shown here that no swelling of
the kidney is observed even with very high intra-
luminal pressure and this suggests that the absence
of swelling is a poor indication of the intrarenal pres-
sure. The fact that the kidney in the flounder is
located between the ribs along the vertebral column
and covered by a strong fascia might explain its re-
sistance to swelling.
In both in vivo and in vitro experiments, with high
intraluminal pressure disruptions in parts of the tu-
bule wall with direct communication between the
tubule lumen and intercellular spaces were demon-
strated. In most sections, however, such communica-
tions were not seen. As the basement membrane
was intact also in the disrupted areas and thus seems
stable to the increased intraluminal pressure, it is
suggested that tracer particles which pass from the
lumen to the intercellular spaces can penetrate along
the basement membrane and fill other intercellular
spaces retrogradely up to the apical tight junctions.
Such an explanation is supported by the extensive
communications between the lateral intercellular
spaces observed in tangential sections of the tubule
wall (Fig. 8).
In the in vitro experiments, the disruptions of the
tubule wall could be due to mechanical damage oc-
curring during microdissection and micropuncture.
Great care was thus taken to select only tubules for
micropuncture showing intact walls as judged in the
stereomicroscope. Furthermore, tubules injected with
low pressure were subjected to the same mechanical
handling and no disruptions were observed in these
tubules.
Bulger and Trump [9] found also tracers in the
lateral intercellular spaces but suggested that this pas-
sage of tracers from the tubule lumen into the inter-
cellular spaces occurred by way of endocytic vacuoles
or invaginations of the luminal cell membrane empty-
ing their contents into the lateral intercellular spaces.
No direct evidence of this transport mechanism was
obtained in the present study. As the intraluminal
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Fig. 11. Isolated tubule injected with ferritin without increase in intraluminal pressure and fixed with glutaraldehyde (X33,000). Ferritin is
seen in the tubule lumen (TL) (horizontal arrows), but is not present in the intercellular space (vertical arrows). D, desmosome.
Fig. 12. Tubule from first proximal segment fixed 30 mm after injection offerritin with osmium tetroxide (X65,000). Ferritin is seen inside
endocytic vacuoles (arrows). TL, tubule lumen; M, mitochondrion.
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pressure in the experiments of Bulger and Trump
might well have been increased, it seems possible that
the very rapid (within 15 sec) passage of large
amounts of tracers into the intercellular spaces did
not occur by endocytosis but via disruptions in the
tubule wall.
In the latter study [9] some tubule cells also con-
tained tracer particles in their cytoplasm and this was
considered to be due to poor fixation, Free tracer
particles in the cytoplasm were also observed in the in
vivo experiments described here (Figs. 5 and 6). In
such cells disruptions of the cell membrane were
noted and it is suggested that the cytoplasmic loca-
tion of tracer particles might be due to rupture of the
plasma membrane subsequent to increased intra-
luminal pressure.
In the rat it has been demonstrated that opening of
the'tight junctions may occur as a result of increased
intraluminal pressure [23]. In isolated perfused prox-
imal tubules from neonatal rabbits, passage of the
tracer microperoxidase (mol wt, 1800) through the
tight junctions during conditions of increased in-
traluminal pressure has been demonstrated [24]. In a
previous paper, Maunsbach and I have suggested
that temporary leakages in the tight junctions of the
flounder kidney may occur as a result of increased
intraluminal pressure [8]. In the present study, as in
the study of Bulger and Trump [9], no conclusive
evidence of open tight junctions in the nondisrupted
areas are presented, but as temporary leakages in the
tight junctions are difficult to detect, this possibility
cannot be totally excluded. However, species differ-
ences in the tight junctions might also explain the
differences in findings between rat and flounder.
Although the findings in the present paper may not
be directly applicable to other animal species or other
proteins, it is suggested that passage of protein from
the tubule lumen into the intercellular space does not
occur under normal physiologic conditions.
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